A facile "click chemistry" approach to functionalize 2D macromolecules of graphene oxide nanosheets with poly (ethylene glycol) of different molecular weights, polystyrene, palmitic acid and various amino acids was presented. FTIR, TGA, Raman spectroscopy, XPS, XRD, TEM, AFM and SEM were utilized to characterize the products. High degree of functionalization was achieved on the flat surfaces of graphene oxide, affording polymer-grafted 2D brushes and amino acids-immobilized nanosheets, which show improved solubility in organic solvents. The click chemistry strategy reported herein provides a facile and general method for functionalization of graphene oxide with macromolecules and desired biomolecules. Citation: Liang Kou, Hongkun He and Chao Gao "Click chemistry approach to functionalize two-dimensional macromolecules of graphene oxide nanosheets", Nano-Micro Lett. 2, 177-183 (2010).
graphite, possesses abundant oxygen-containing functional groups, which not only render GO moderate water-dispersibility but also offer reactive sites for the further modification. Therefore, various reactions utilizing these oxygen-containing groups have been developed [4] [5] [6] [7] [8] . Haddon et al. have modified GO with long-chain alkylamine, making GO dispersed well in organic solvent [9] . Stankovich and coworkers functionalized GO with isocyanate derivatives and the resulting products show good solubility in polar aprotic organic solvents [10] . Chen et al.
demonstrated that porphyrin and fullerene modified-graphene afforded the useful nonlinear optical properties [11] . In addition to small molecules, polymers were also employed to functionalize GO in order to improve the performance of GO in distinct domains. Yang et al. synthesized poly (2-(dimethylamino) ethyl methacrylate) (PDMAEMA)-grafted GO by ATRP [12] , while Salavagione et al. functionalized GO with poly(vinyl alcohol) by esterification of carboxylic groups [13] . However, to functionalize GO with a facile and general strategy is still a challenge.
In addition, click chemistry, characterized by its modular nature, high selectivity and yields, has attained great development in recent years. Among various types of click reactions, the Cu-catalyzed Huisgen 1, 3-dipolar cycloaddition of azides and alkynes plays a particularly important role in organic synthesis for its excellent performance such as stability against dimerization or hydrolysis [14] . Since the azide-alkyne click chemistry has been demonstrated as a useful tool to modify carbon nanotubes (CNTs) [15] [16] [17] [18] [19] [20] [21] , it would be quite efficient for the functionalization of GO, the analogue of CNTs. Most recently, the click chemistry has been tried to functionalize GO [22, 23] . However, the reaction conditions and related influential and alkyne-terminated PEG, PS, C16, Gly and Phe were synthesized in our lab [18, 20, 24] . CuBr (Aldrich, 98%) was obtained from Aldrich and purified according to the published procedures [25] . N,N,N',N'' ,N'' -pentamethyldiethylenetriamine (PMDETA, 99%), N-hydroxysuccinimide (NHS, 98%),
hydrochloride (EDC· HCl, 99%) were purchased from Alfa Aesar and used as received.
Preparation of GO, GO-N 3 , GO-PEG.
GO was synthesized from natural graphite powder and the specific process is presented in our published paper [26, 27] . The water solution of GO (100 ml, 7.5 mg/ml) reacted with 3-azidopropan-1-amine (NH 2 (CH 2 ) 3 N 3 ) (7.5 g, 75 mmol ) for 24 h at room temperature under the catalytic action of EDC (4.79 g, 25 mmol) and NHS (2.475 g, 22 mmol). The reaction product, GO-N 3 , was centrifuged for 5 min at 1000 rpm and washed five times with ultrapure water and then kept in water.
Alkyne-terminated PEG (400 mg) was added into a round flask (250 ml) containing GO-N 3 (16 ml, 2.5 mg/ml), and then DMF (144 ml), CuBr (200 mg, 1.3 mmol), PMDETA (294 μl) were added to the flask under the atmosphere of N 2 . The coupling reaction between azide and alkyne proceeded for 150 min at 60°C in an oil bath. Then, the reaction product was centrifuged for 10 min at 5000 rpm and washed five times with DMF. All products were dried in a vacuum oven at 60°C overnight, and then grinded them into powder for the use of analytical measurement.
Measurements
Thermogravimetric analysis (TGA) was carried out on a 
Results and Discussion
Our functionalization protocol is shown in Scheme 1.
Carboxylic groups of GO react with 3-azidopropan-1-amine
Subsequently, alkyne-terminated poly(ethylene glycol) (PEG) with different molecular weight, polystyrene (PS), propargyl alcohol-esterified palmitic acid (C16), glycin (Gly) and phenylalanine (Phe), react with azide groups via click chemistry, affording GO-PEG, GO-PS, GO-C16, GO-Gly and GO-Phe, respectively.
Typically, the case of PEG was selected to show the results of click chemistry in details and the molecular weight of PEG is 750 unless specially labelled. Figure 1A shows the FTIR spectra of GO, GO-N 3 and GO-PEG. The peaks at 1720 and 1626 cm -1 can be assigned to the stretching of carboxyl groups and the aromatic C=C stretching, respectively. After the EDC condensation, azide groups were attached to the surfaces of GO, which could be confirmed from the appearance of the characteristic IR absorption peak of azide groups at 2098 cm -1 .
For GO-PEG, the disappearance of the peak at 2098 cm -1 and the presence of the peak at 1100 cm -1 related to the stretching of C-O groups of PEG indicated the successful azide-alkyne coupling reaction on the nanosheets.
To explore the effect of reaction conditions on the nanoscale click coupling, we traced the reaction process by FTIR measurements at 25, 40 and 60°C, by taking out part of the reaction solution at a given time on the basis of extremely sensitive azido absorption in FTIR spectrum (see Fig. 1B ). With the peak at 1626 cm -1 as an internal standard, the integration ratio of the peaks at 2098 and 1626 cm -1 (I N3 /I G ) represents the degree of the click conversion. Generally, the value of I N3 /I G decreases drastically at first and then quite slowly until almost zero (see Fig.   1C ), indicating that the reaction rate is very fast in the beginning DOI:10.5101/nml.v2i3.p177-183 http://www.nmletters.org the azido peak can be still slightly observed (see Fig. 2 ). It is shown that the "graft-to" click efficiency is affected by two main factors under the same reaction conditions: the molecular weight and flexibility (or chemical structure) of reactants [28] . In our system, all of alkyne-terminated PEG with different molecular weights (including 350, 750 and 1900 g/mol) reacted with azide groups of GO-N 3 efficiently for the disappearing of azido peak within 150 min. This suggests that molecular weight of this kind of flexible and "thinner" polymer has little effect on the click coupling on the flat nanosurface of GO sheets. Compared with alkyne-terminated PEG (1900), alkyne-terminated PS with a comparable molecular weight (Mn=2500 g/mol) is much more rigid and "thicker", resulting in stronger steric hindrance effect and much lower contacting (or click) probability between rigid nanosheets and PS chains. This result is similar to our previous investigation that two hard nanoparticles are difficult to be clicked together except a soft interlayer exists [19] . Nevertheless, small rigid molecules such as phenylalanine can be easily immobilized to GO-N 3 nanosheets for its high contacting chance associated with high mobility, casting affirmative light on the click fabrication of multifunctional biomolecules-conjugated graphene.
TGA was further employed to confirm the successful click reactions on the surfaces of GO. It should be noted that the larger weight than 100% of samples is the result of N 2 absorption during the measurement. As shown in Fig. 3 , the whole weight loss of GO is ca. 51.0% and nearly all weight loss occurs at ca.
210 °C, which is presumably due to pyrolysis of the labile oxygen-containing functional groups. It was thought that the weight loss should increase after EDC condensation because of the attachment of azide moieties, but in fact the weight loss is decreased to 39.1% due to the partial reduction of GO during the reaction, which can be proved from our XRD datum (see Fig.   3D ). In addition, the changed color of reaction solution from brown to dark also indicates the process of reduction. Raman spectroscopy is a powerful approach to investigate the structural and electronic properties of graphene. As shown in to GO-N 3 (1.397) and then to GO-PEG (1.399), revealing the increased degree of functionalization that is quite similar to the case of CNTs [29] . Meanwhile, we also obtained Raman spectra XPS was used to study surface elemental composition of different specimens. Figure 3C shows the XPS spectra of GO, GO-N 3 and GO-PEG. The nitrogen content increased from 1.2%
for GO (nitrogen absorption from atmosphere) to 4.9% for GO-N 3 and then decreased to 3.8% for GO-PEG, confirming the successful attachment of azide groups and PEG. In addition, the carbon content of GO-C16 is as high as 80.9% compared with the content of 65.8% for GO-N 3 , which also proves the accomplishment of the click coupling reaction (Table S1 in Supporting Information).
XRD measurement is also performed to further study the changes in structure. As shown in Fig. 3D , the initial graphite powder shows the typical sharp diffraction peak at 2θ = 26.5°, with the corresponding d-spacing of 0.336 nm. For GO, no diffraction peaks from the parent graphite material is observed, but a new broad peak at 2θ = 10.0° appears, with a d-spacing of 0.885 nm. The increase of the d-spacing is due to the decoration with epoxide and hydroxyl groups intercalated between the GO layers during the oxidation process and a conversion of hybridization of the oxidized carbon atoms from sp2 to sp3 [30] .
Due to the introduction of 3-azidopropan-1-amine, GO-N 3 shows a diffraction peak at 2θ = 8.8°, corresponding to a d-spacing of 1.005 nm. In addition, GO-N 3 exhibits a new diffraction peak at 2θ = 18.8°, demonstrating the partial reduction of GO-N 3 during the reaction process. For GO-PEG, the left shift diffraction peak at 2θ = 6.6°, corresponding to a d-spacing of 1.339 nm, can be ascribed to the attachment of PEG chains. What is more, GO-PEG suffer a further reduction for the diffraction peak at 2θ = 22.4°.
TEM analyses of GO and GO-PEG were performed by In addition, the final products including GO-PEG show improved solubility in a variety of solvents such as chloroform, dichloromethane and so on (see Fig. 5 ), which will make considerable contribution to the application of graphene in the area of composites and other aspects.
Conclusions
In summary, an efficient click chemistry approach to functionalize 2D macromolecules of graphene oxide nanosheets has been presented and demonstrated with linear polymers and various amino acids. High degree of functionalization was achieved on the flat surfaces of GO, affording polymer-grafted 2D brushes and amino acids-immobilized nanosheets. The click chemistry strategy opens the door for facile functionalization of GO with macromolecules and desired biomolecules. The relevant work is in progress and will be reported later.
